Figure 1. Sequence Analysis and Secondary Structure Predictions of KIFC2
(A) Predicted amino acid sequence of KIFC2. The conserved C-terminal motor domain spans amino acids 409-792. The consensus sequences used to clone KIFC2 by degenerate oligonucleotide PCR are indicated by bold letters. The nucleotide sequence for KIFC2 is available from EMBL-Genbank under accession number U92949. (B) Protein sequence comparison between KIFC2 and the kinesin superfamily member KAR3. Diagonal dot matrix comparisons of KIFC2 protein sequence with KAR3 using the UWGCG programs COMPARE and DOTPLOT. Sequence similarity is limited to the conserved C-terminal motor domain. (C) Predicted secondary structure of KIFC2. The probability of forming an ␣-helical coiled-coil was calculated by the conventional algorithm (Lupas et al., 1991) .
(e.g., Stewart et al., 1991) was used to identify KIFC2 amino acid protein ( Figure 1A ). KIFC2 was most similar to other members of the KAR3 family of kinesin-related sequences from a neonatal mouse brain cDNA library. Nucleotide sequence analysis of the largest clone recovproteins, which also contain the conserved motor domain at the C-terminal end of the protein (McDonald ered revealed the presence of a single open reading frame of 2376 nucleotides encoding a predicted 792 and Meluh and Rose, 1990; Endow et al., 1990; Mitsui et al., 1993; O'Connell et al., 1993 ; Kuriwas observed using the control sense probe ( Figure 2F ). yama et al., 1995) . To date, all tested members of the Therefore, KIFC2 mRNA was localized to differentiated KAR3 family have minus-end directed microtubule moneurons throughout the central nervous system. tor activity Walker et al., 1990; Endow et al., 1994; Kuriyama et al., 1995) .
KIFC2 Protein Localization Multiple sequence alignment and diagonal dot matrix
and Tissue Distribution comparisons ( Figure 1B) show that KIFC2 homology
To further examine the role of KIFC2, two different antiwith KAR3 from S. cervisiae (Meluh and Rose, 1990) , sera were generated against a segment of the N-terminal KLPA from A. nidulans (O'Connell et al., 1993) , and ncd tail domain of KIFC2 (amino acids 119-409) to avoid from D. melanogaster Endow et al., 1990 ) is primarily limited to the conserved possible cross-reactivity with conserved motor domains C-terminal motor domain. Comparison of these kinesinfrom other murine kinesin family members. Although related proteins with KIFC2 indicate that KIFC2 is most affinity purification of the antisera using the original antihomologous to KLPA, sharing 38% identity within the gen yielded preparations showing some cross-reactivity motor domain but only 21% identity within the stalk and against unrelated proteins, affinity purification on two tail regions. Therefore, KIFC2 is related to KLPA but is different subsegments of the original antigen (amino probably not the murine homolog. Similar identity is acids 119-217 or 211-296) yielded specific antibodies. observed in protein comparisons with other reported
The resulting four antibody preparations (two rabbit anti-C-terminal motor proteins, including KatA from A. thalisera affinity purified on two different fusion proteins) ana (Mitsui et al., 1993) , T09a5 from C. elegans (Wilson et recognized the KIFC2 recombinant protein expressed al., 1994), and CHO2 identified from cultured mammalian in E. coli (data not shown) and also recognized a single cells (Kuriyama et al., 1995) . The central stalk domain 96 kDa band in Western blots of mouse brain extract of KIFC2 was predicted to have a high ␣-helical content ( Figure 3A ; the faint 80 kDa band is almost certainly a and a significant probability of forming a coiled-coil secproteolytic fragment since it only appears in some older ondary structure within this domain ( Figure 1C ) (Lupas protein preparations that have been refrozen). The beet al., 1991) , suggesting that native KIFC2 may form a havior of the 96 kDa band reasonably agrees with the dimer via interactions within this region. Thus, sequence predicted molecular weight from the nucleotide secomparison and secondary structure predictions indiquence (85,625) as well as Northern analysis of tissue cate that KIFC2 contains a tail domain at the N-terminus, distribution. The four different antibody preparations all followed by an ␣-helical coiled-coil stalk region and the give effectively the same behavior in Western blot, immotor domain at the C-terminus. munohistochemistry, and axonal ligation experiments (see below).
KIFC2 mRNA Distribution
To investigate whether KIFC2 is a microtubule-binding Protein and secondary structure analysis demonstrated protein, a microtubule sedimentation assay was perthat KIFC2 was most similar to other C-terminal, minusformed from total brain extract (Yang et al., 1988) . Alend directed, kinesin-related motor proteins, which all though substantial amounts of KIFC2 protein sedihave reported functions in mitosis and meiosis. Because mented in the absence of substantial microtubule KIFC2 had been identified from a neonatal brain cDNA polymerization, sedimentation was clearly enriched library, we were interested in localizing the expression when microtubule polymerization was driven by adding of KIFC2 to determine whether KIFC2, like these other taxol and GTP ( Figure 3B ). The sedimentation behavior, C-terminal motor proteins, might be performing a funchowever, was not influenced by the addition of nucleotionally similar role in cell division, or whether KIFC2 tide, either ATP or the nonhydrolyzable analog AMPwas localized to nonproliferative neuronal cells where PNP. The addition of 10 mM Mg 2ϩ -ATP alone did not it might be performing other functions.
facilitate the release of KIFC2 from the microtubules. To analyze the tissue distribution of KIFC2, Northern However, after the addition of 0.5 M NaCl alone or 0.5 analysis was performed on various adult tissues reveal-M NaCl in the presence of Mg 2ϩ -ATP, ‫%07-%05ف‬ of ing a brain-specific transcript of 3.4 kb (Figure 2A ). Furthe KIFC2 protein was released ( Figure 3B ). The inability thermore, the developmental mRNA profile shows slight of a motor protein to be released from microtubules in expression in the nervous system at the embryonic and the presence of ATP alone has been documented with early postnatal stages of development ( Figure 2B ). The other kinesin-related proteins (Sawin et al., 1992 ; Cole highest level of KIFC2 mRNA expression occurs in the et al. Barton et al., 1995) . A substantial effort was adult brain. The tissue specificity and developmental also made to demonstrate motor activity of the KIFC2 mRNA expression results were also confirmed by RNase protein. Numerous attempts to obtain in vitro motility protection experiments using a 430 bp riboprobe from activity with recombinant protein were unsuccessful, the N-terminus of KIFC2 (data not shown). Reduced however. Full-length and various truncated KIFC2 conmRNA expression during embryonic stages of developstructs expressed in E. coli did not exhibit appreciable ment where cells are actively dividing suggested that ATPase activity or in vitro motility using standard assay KIFC2 was not involved in mitosis.
procedures (data not shown). It is likely that either approIn situ hybridization was performed to further localize priate purification conditions were not identified that the expression of KIFC2 in the adult brain ( Figure 2C-2E) . maintain active KIFC2 protein or that a posttranslational KIFC2 mRNA expression was found to be enriched modification is necessary for the activation of recombiwithin the cerebral cortex and CA1, CA2, and CA3 renant KIFC2 protein. gions of the hippocampus. In the cerebellum, localiza-
The production of a KIFC2-specific antibody allowed tion of KIFC2 is particularly high in Purkinje cells surrounding the granule layers. By comparison, no signal a more detailed examination of protein localization within the brain. Immunocytochemistry of transverse KIFC2 staining observed near the ligation was due to brain sections within the central nervous system reaxonal accumulation, double-staining experiments were vealed a pattern of protein localization similar to the performed with antibodies recognizing the axoplasmic mRNA distribution with localization in the cortical, hipphosphorylated neurofilament-H protein and a Schwann pocampal, and cerebellar neurons ( Figures 3C and 3D) .
cell protein S100b. Intense KIFC2 staining only coloFurthermore, higher magnification of Purkinje cells also calized with neurofilament-H, confirming axonal accushows immunostaining of axonal and dendritic promulation (data not shown). Significant accumulation of cesses ( Figure 3E ). Axonal staining was not limited to KIFC2 at the proximal and distal regions of a ligated Purkinje cells in the cerebellum since localization was nerve suggested that KIFC2 associates with the anteroalso observed in other neurons (data not shown). Staingrade and retrograde fraction (Hirokawa et al., 1990) . ing with preimmune antisera shows that the staining is To examine whether KIFC2 may be associated specific for KIFC2 ( Figure 3F ).
with organelles, double-staining experiments were perImmunolocalization of KIFC2 to neurons and correformed using antibodies against KIFC2 and proteins sponding axonal projections within the central nervous specific for various organelles transported within the system was of particular interest. Because KIFC2 was axon. Ligated peripheral nerves were immunostained most similar to kinesin family members required for cell with antibodies to synaptic vesicle proteins (SV2, syndivision, we were interested in elucidating the role of aptophysin, synapsin, synaptobrevin, synaptotagmin, KIFC2 within neurons and its possible involvement as and syntaxin 1A), mitochondria (COXIV), and another a kinesin-related motor protein for axonal transport.
kinesin-related protein KIF3C (Z. Y., and L. S. B. G., Therefore, immunostaining was performed to further exunpublished data). KIFC2 protein was detected either amine KIFC2 distribution in regions of the peripheral by indirect immunofluorescence with anti-KIFC2 antinervous system including the sciatic nerve and spinal body or using anti-KIFC2 FITC-conjugated antibody in cord. Immunofluorescence detection of KIFC2 in cross double-labeling experiments. The results from many of sections of sciatic nerve revealed that KIFC2 was indeed these experiments show an overlapping distribution of localized to axons as observed from overlap with anti-KIFC2 with a subset of synaptic vesicle precursor prophosphorylated neurofilament-H antibody, which stains teins, which includes SV2 and synaptobrevin (Figures axoplasm (Figures 4A and 4B ). KIFC2 localization occurs 5C-5F) as well as synaptophysin and synaptotagmin homogenously throughout the axoplasm and is present (data not shown) on the proximal and distal sides of the in all axons. In addition to axonal localization, however, ligation. The remaining synaptic vesicle proteins synap-KIFC2 was also present in supporting Schwann cells sin (Figures 5G and 5H) and syntaxin 1A as well as the ( Figures 4C and D) . Cross sections of spinal cord show mitochondrial COXIV protein accumulated in the same anti-KIFC2 staining within axons in the white matter as axons as KIFC2 but did not show the same degree of well as cytoplasmic and nuclear localization in cell bodoverlap with KIFC2 (data not shown). Accumulation of ies of motor and sensory neurons ( Figure 4E ; data not some of these organelle proteins on the distal side of the shown). Therefore, KIFC2 immunolocalization to axons ligation was somewhat reduced in comparison to the of both the central and peripheral nervous systems sugproximal side, perhaps owing to degradation or recygested that this novel kinesin-related protein may funccling at the axon terminus (Hirokawa et al., 1991 (Smith, 1980; Hirokawa et 1991; Kondo et al., 1994; Okada et al., 1995; Yamazaki et al., 1990 Yamazaki et al., , 1991 . Immunofluorescence microscopy real., 1995) . vealed that anti-KIFC2 antibody stained regions of the The apparent overlapping localization of KIFC2 with sciatic nerve proximal and distal to the ligation (Figures some synaptic vesicle precursor proteins but not other 5A and 5B; outermost panels). The intensity of staining organelles or kinesin-related proteins suggested that increases at regions closer to the ligation in a graded KIFC2 is associated with a subclass of membrane orpattern, and the diameter of the axon frequently beganelles within the axon. Furthermore, the localization comes greater near the restriction. Unligated peripheral and accumulation of KIFC2 on the distal side of the nerves show continuous uniform staining (data not ligation is similar to that observed for the retrograde shown), while control preimmune antisera show only motor protein dynein (Hirokawa et al., 1990 ) and is conmuch fainter background staining (Figures 5A and 5B ; innermost panels). To demonstrate that the more intense sistent with KIFC2 having a role in retrograde transport.
(E) Higher magnification of (D) localizes KIFC2 mRNA within postmitotic Purkinje neurons under bright-field microscopy (arrows). Scale bar, 25 m.
(F) Coronal brain section in cerebrum at similar locale and magnification as (A) using control sense probe. Scale bar, 0.5 mm. Behavior of KIFC2 during Vesicle Fractionation Discussion Although KIFC2 exhibited an apparently overlapping distribution with several synaptic vesicle precursor proOur studies demonstrate that KIFC2 is most similar to other kinesin-related proteins within the KAR3 subfamily teins in immunofluorescence double-labeling ligation experiments, owing to the resolution limits of light miand shares a similar structural organization in which the motor domain is located at the C-terminal end of croscopy, there is a possibility that KIFC2 is associated with other organelles, which accumulate at similar rates the protein. However, unlike other C-terminal kinesinrelated proteins in the KAR3 family that have reported as these vesicles in the ligated axon. This concern led to the investigation of whether KIFC2 biochemically fracfunctions in mitosis and meiosis, KIFC2 mRNA and protein was localized to nonproliferative neuronal cells. tionates with purified vesicles from the nerve terminal. Figure 6A shows the distribution of KIFC2 in fractions More interestingly, anti-KIFC2 antibody detected KIFC2 protein in axons of neurons in the central as well as obtained by differential centrifugation during the purification of synaptic vesicles from the nerve terminus.
peripheral nervous systems, suggesting that KIFC2 might play a role in axonal transport. Our results there-KIFC2 immunoreactivity was detected in P2, P3, LP1, and LP2 fractions (see Experimental Procedures), along fore indicate that KIFC2 performs alternative functions within the nervous system despite results from the phywith several synaptic vesicle membrane proteins including synaptophysin, synaptotagmin, and synaptobrevin.
logenetic analysis which, a priori, might have predicted a role in cell division. In addition, kinesin was also present in this vesicle-rich LP2 fraction. The level of KIFC2, as observed by Western
To date, two classes of microtubule-associated ATPases have been identified in the nervous system, kinesin blot, is significantly reduced in the supernatants (cytoplasmic pools) of partially purified synaptosomes (Fig- and cytoplasmic dynein (Vallee and Shpetner, 1990; Brady, 1995) . It has been proposed that kinesin, a plus ure 6A, lane S3) and synaptic vesicle-enriched fractions ( Figure 6A , lane LS2), indicating that the majority of end-directed motor protein, moves toward the axon terminus in the anterograde direction (Vale et al., 1985b; KIFC2 is vesicle-associated throughout this purification. To control for microsomal membrane contamination, we Porter et al., 1987) , while the minus end-directed motor protein dynein is a retrograde transporter (Paschal and examined these fractions for the presence of endoplasmic reticulum membrane using antibody specific for the Vallee, 1987) . Ligation of peripheral nerves in vivo allows segregation of the anterograde and retrograde compomembrane protein ribophorin. Reactivity was observed in the homogenate, P2, S3, and P3 fractions but not nent of proteins and organelles involved in fast axonal transport. Immunolocalization of kinesin indeed showed in the LP1 or vesicle-enriched LP2 fractions (data not shown).
preferential accumulation on the proximal side of the ligation (Hirokawa et al., 1991) , while cytoplasmic dynein This vesicle-rich LP2 fraction containing KIFC2 was further fractionated by isopycnic sucrose density cenwas observed proximal and distal to the ligation (Hirokawa et al., 1990) . The likely interpretation of these retrifugation (SDG) ranging from 50 mM sucrose ( Figure  6B , lane 1) to 1.6 M sucrose ( Figure 6B, lane 15) . Fracsults is that kinesin is transporting its cargo along microtubules toward the axon terminus, thus accounting for tions containing KIFC2 were recovered in a broad peak (fractions 5-11) and show good overlap with the synaptic the accumulation of kinesin on the proximal side of the ligation. Presumably, kinesin is being degraded at the vesicle membrane proteins synaptotagmin and synaptobrevin. Although synaptophysin also localized within axon terminus. In contrast, cytoplasmic dynein may be transported to the nerve terminus in an inactive form these same fractions, the peak recovery of this membrane protein is skewed toward less dense sucrose fracbefore being activated for retrograde transport. This hypothesis would account for both the anterograde and tions. Similarly, fractions containing kinesin were slightly shifted relative to KIFC2.
retrograde accumulation of dynein. More recently, several new kinesin-related proteins from mouse brain have Controlled-pore glass column chromatography has been used to resolve the heterogeneous microsomal been implicated in anterograde transport of various organelles (e.g., Kondo et al., 1994; Nangaku et al., 1994 ; vesicle fraction from synaptic vesicles (Huttner et al., 1983) . Pooled sucrose density gradient fractions con- Sekine et al., 1994; Okada et al., 1995; Yamazaki et al., 1995) . taining KIFC2 were therefore applied to a controlledpore glass column to further enrich for vesicles. Western Kinesin-related proteins that contain the motor domain at the C-terminus have been reported to move analysis of the fractions show coelution of KIFC2 with several synaptic vesicle proteins ( Figure 6C (A-D) Confocal laser microscopy reveals that KIFC2 is localized to axons in the sciatic nerve. Scale bars, 20 m. Cross sections of sciatic nerve were double labeled with anti-KIFC2 antibody (A) and anti-phosphorylated neurofilament-H antibody (B), which specifically localizes to the axon. KIFC2 was expressed within the axoplasm and was present in all axons (arrows). Double-labeling immunofluorescence experiments with anti-KIFC2 antibody (C) and an antibody specific for the Schwann cell protein S100b (D) also show overlap with the peripheral Schwann cells that surround these axons (arrows).
(E) Spinal cord was cross sectioned and stained with anti-KIFC2 antibody. Axons in white matter show strong staining with anti-KIFC2 antibody in addition to motor and sensory neurons within the gray matter. Scale bar, 100 m.
kinesin, that is, they are minus end-directed motors (Mcpresence of a second, nonnucleotide-dependent microtubule-binding region as has been seen for other kinesin Donald and Walker et al., 1990; Endow et al., 1994; Kuriyama et al., 1995) . Although we demonmotor proteins (e.g., McDonald and Goldstein, 1990; McDonald et al., 1990; Barton et al., 1995) . In addition, strate that native KIFC2 binds to microtubules, this binding was nucleotide independent perhaps owing to the attempts to obtain in vitro motility activity with recombi- (Laemmli, 1970) . Proteins were transferred to synaptic vesicle-rich LP2 pellet was resuspended in 40 mM sucrose and applied to a continuous sucrose density gradient ranging from PVDF membranes, and primary antibody (anti-KIFC2 antibody) was added at a final dilution of ‫02ف‬ g/ml. Anti-KIFC2 antibody was 0.05 M-1.6 M sucrose. Equal volumes of each fraction (fractions 1-15) were resolved by SDS-PAGE and transferred to PVDF memdetected by chemiluminescence according to supplier recommendations (ECL Kit, Amersham).
brane for immunoblot analysis using KIFC2 affinity-purified antibody and antisera directed against kinesin, synaptophysin, synaptotagmin, and synaptobrevin. Fractions that contained KIFC2 as deterImmunohistochemistry mined by Western blot analysis were pooled, concentrated, and Adult mice were anesthetized and transcardially perfused with 4% subjected to controlled-pore glass chromatography essentially as paraformaldehyde in NaPBS. The brain or spinal cord was removed, described (Huttner et al., 1983) . postfixed, and transferred to 30% sucrose for cryoprotection. Cryostat sections (30 m) were prepared for free-float immunohistochemistry or 10 m sections were processed for immunofluores
